Gold metallogelators is an emerging area of research. The number of results published in the literature is still scarce. The majority of these gels is observed in organic solvents, and the potential applications are still to be explored. In this work, we present an overview about gold metallogelators divided in two different groups depending on the type of solvent used in the gelation process (organogelators and hydrogelators). A careful analysis of the data shows that aurophilic interactions are a common motif directly involved in gelation involving Au(I) complexes. There are also some Au(III) derivatives able to produce gels but in this case the organic ligands determine the aggregation process. A last section is included about the potential applications that have been reported until now with this new and amazing class of supramolecular assemblies.
Introduction
Low-molecular-mass gelators (LMGs) represent a key area in the study of supramolecular chemistry because of their spontaneous and controlled self-assembly phenomena [1] . In many cases, LMGs are
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formed upon their self-assembly through a combination of non-covalent interactions such as π-π stacking, hydrogen bonding, hydrophobic-hydrophobic interactions and van der Waals' forces, resulting in the formation of entangled self-assembled fibrillar networks (SAFINs) [2] . Interestingly, the fine balance and the interplay of the non-covalent interactions in these gelators can be readily modified by the judicious choice and rational design of the coordinating ligands in the organometallic systems, which in turn may give rise to a fine tuning of the gelation properties and morphologies of the low molecular weight gelators (LMWGs).
Amongst the fields of supramolecular chemistry, low molecular weight gelators are also called supramolecular gelators. They have attracted increasing attention because of their wide applications in our daily lives, ranging from commercial products like hair gel and contact lenses to drug delivery for medical purposes [3] [4] [5] and a number of high-technology applications [2, [6] [7] [8] , materials chemistry [9] [10] [11] use in light harvesting [12] , sensing [13] or catalysis [14] .
Though gel formation by organic molecules has been widely reported, metallogels have only been a subject of study in the last few years [6, [15] [16] [17] [18] . The reason for the growth of interest stems from the availability and the diversity of metal-ligand coordination that could readily induce or control the self-assembly process of the gel formation and thereby influence the gel properties [6] .
Metallogelators may consist of coordination polymers or discrete metal complexes that form supramolecular assemblies or aggregates. In these particular cases, the presence of metal ions in their chemical structure gives rise to exciting potential applications of metallogels that include catalytic activity [19, 20] , bioimaging [21, 22] , controlled release [5] , redox-induced switching of gel-sol transitional behavior [23] , magnetism, color, rheology, adsorption, and photophysical properties [24] . A supramolecular gel consists of a large amount of liquid (solvent) and a small amount of solid (gelator); the solvent molecules are immobilized within the gel matrix formed by hierarchical self-assembly of the gelator molecules [25] . When a metal complex serves as a gelator, metal-ligand coordination interaction can be used to form the 3D matrix. The possible establishment of metallophilic interactions in some particular metal complexes also plays a key role for the primary aggregation in metallogels and may lead to variation in the gelating abilities and rich photophysical properties [6, [26] [27] [28] [29] [30] [31] [32] .
Supramolecular gels are classified into two categories: Organogels and hydrogels. As indicated by the name, organogel represents gelator molecules that immobilize organic solvents while hydrogel represents molecules that immobilize water.
In contrast to the development of coordination polymeric gelators, the use of discrete small-molecule complexes as metallogelators has been relatively scarce, and it was only recently that a number of reports on the gelation properties of metal complexes, mainly Au(I) and Pt(II) derivatives, have appeared. Upon the introduction of appropriate functional groups, the functionalized metal complexes can undergo self-assembly through non-covalent interactions such as hydrogen bonding and hydrophobic-hydrophobic interactions [6] . Nevertheless, the formation of these supramolecular assemblies sometimes is unexpected [28] [29] [30] . It should be stressed that in these cases, apart from the well-known weak interactions of the organic molecules, metal· · · metal interactions have been found to further stabilize the metallogels formation and give rise to interesting spectroscopic properties. Although the establishment of this kind of interactions is widely observed in solid state (X-ray crystal structure), they are also expected to be maintained in solution and in gel structures, since the formation of supramolecular assemblies has been detected by some techniques such as UV-vis, DLS, NMR or cryoTEM [18] .
In this review article we will focus on discrete gold complexes that could act as metallogelators since they have been of growing interest in recent years. They will be classified in the same groups (organometallogels and hydrometallogels) depending on the type of solvent (organic solvent or water) immobilized by the gelator gold molecules. Moreover we would like to highlight the key role of aurophilic interactions on supramolecular gold(I) chemistry and gold(I) metallogelators. These Au(I)· · · Au(I) non-covalent interactions (with maximum distance around the sum of their van der Waals radii, ca. 3.5 Å) are estimated to be energetically similar to hydrogen bonds (5-10 kcal mol [33] ), and a little weaker in the case of other metals like silver(I) and copper(I) [34] . Thus, they should be considered as an additional stabilizing force in the formation of the 3D network in gels being the most important driving force in most of the cases, and the resulting structures were addressed as "metallophilic hydrogels" a few years ago [35] .
Gold Organometallogelators
The vast majority of metallogelators reported in the literature are obtained in organic solvents. It was only in 2005 that the first example of a metallogelator based on trinuclear gold(I) pyrazolate complexes with long alkyl chains was reported by Aida and coworkers [27] . The authors showed the formation of a red-luminescent organogel (λem = 640 nm) with a trinuclear Au(I) pyrazolate complex bearing long alkyl chains (Compound 1, Figure 1 Figure 1 ). These complexes showed interesting nanostructures in electron microscopy images with different sizes and shapes depending on the counteranion as described in Figure 3 [36] . These diverse morphologies were believed to result from the formation of hydrogen bonds, hydrophobic-hydrophobic interactions, coulombic interactions, and especially amido hydrogen bonding interactions to give a lamellar structure with tubular architecture around the ionic head core such as long wires, oriental lantern-shaped bundles of belts, and helical belts. In fact, they demonstrated the important role of the amide group as an excellent hydrogen-bonding motif, which gives a tubular architecture around the metal ions in the solid state. Self-assembly of these functionalized NHC complexes leads to the formation of the first example of of gold(I)-NHCs gel probably induced by the presence of the amide groups, since steroid, amino acid or amide derivatives have been commonly employed to promote the formation of gels [37] [38] [39] [40] . Interestingly, authors say that the gold(I) ion is crucial for the formation of gels since without the gold(I) ion, amido functionalized imidalium salts themselves do not form gels [36] . For this reason, aurophilic interactions probably must be involved in this gelation process as well. Chi-Ming Che and co-workers reported in 2012 a dual-functionalized supramolecular polymer (SP) self-assembled from two cyclometalated Au(III) complexes (Compound 6, Figure 1 ) in acetonitrile [41] . Transmission electron and scanning electron micrographs (Figure 4 ) of 6-SP revealed partially aligned nanofibers with diameters and lengths of about 50 nm and tens of micrometers, respectively. Partial entanglement of these nanofibers accounts for the high viscosity at high concentration of 6 (20 mm).
A 1 H nuclear magnetic resonance (NMR) study on 6 in CD3CN at different concentrations and temperatures revealed that the amino group of the guanamine-like moiety of the ligand is involved in hydrogen-bonding interactions in the self-assembly of Complex 6. On the basis of all the studies included, a one-dimensional structure of 6-SP with alternating hydrogen-bonding and π-π stacking interactions between two cations of 6 was proposed by the authors. On the other hand, they demonstrated that polymer 6-SP displayed sustained cytotoxicity and selective cytotoxicity toward cancerous cells. Alkynyl gold complexes comprise a promising area in this field. A series of luminescent bis-cyclometalated alkynylgold(III) complexes were synthesized and characterized by Yam's group and reported last year [1] . The gelation properties of these complexes were tested in various organic solvents of different polarities (DMSO, methanol, hexane, cyclohexane, benzene, and toluene). It was found that the gold(III) complexes with long hydrocarbon chains (Complexes 7 and 8) were capable of forming more stable metallogels in non-polar organic solvents (n-hexane and cyclohexane), probably due to the formation of stronger London dispersive interactions stemming from the long hydrocarbon chains. In particular, the metallogels formed by Complex 7 were observed to present the highest stability. Attempts to obtain metallogelators with all the complexes synthesized showed that with a judicious choice of coordinating ligands, the interplay of non-covalent interactions such as π-π stacking and London dispersion forces could be readily adjusted for a rational design of metallogels based on the gold(III) system. Temperature-dependent ultraviolet (UV)-vis absorption studies were performed with 7 in order to clearly observe the gel-to-sol phase transition behavior ( Figure 5 ). The recorded changes at different temperatures showed that the vibronically structured absorption IL bands gradually merged into a broad absorption band when increasing temperature due to the aggregation process and the fact that the absorption tail at ca. 430 nm tends to disappear. The exhibition of an isosbestic point at 408-410 nm suggests a clean conversion from the supramolecular assemblies to the monomeric species upon a gel-to-sol transition at elevated temperature. On the other hand, the recorded emission at 570-620 nm due to an 3 LLCT [π(C≡CC6H4(OR)3-3,4,5) → π*(C^N^C)] transition is observed to be quenched at higher temperatures. This observation was attributed to the fact that in the gel state, the rigidity of the media would increase and result in a reduction of molecular vibrations and motions, such that the non-radiative deactivation pathways could be delayed. However, at higher temperatures, the non-radiative decay would be enhanced resulting in the quenching of the emission.
A novel gold(I) complex based on fluorine (9, Figure 1 ) was reported very recently by Liu and co-workers [42] . This complex has attracted great attention as it exhibits an interesting aggregate fluorescence change behavior and emits an intense white light in the aggregated state with potential applications in the field of white organic light-emitting devices (WOLEDS). They observed that luminogen 9 is insoluble in water, and increasing the water fraction in the mixed solvent changed the form of the luminogen from a dissolved or well-dispersed state in pure dimethylformamide (DMF) to aggregated particles in the mixtures with high water content. This aggregation state was attributed to the establishment of intermolecular π-π interactions, C-H· · · F interactions and intermolecular aurophilic interactions which were responsible for two new emission bands and white light emission. This complex emitted a bright white light when the water fraction exceeded 30%, and the emission bands were broad, with a very high quantum yield (ca. 65%) and covered the whole visible range (Figure 6 ). Interestingly, this white emission was also observed for thin film and solid samples.
This gold(I) complex with white light emission in an aggregate state enriches the family of AIE (aggregation induced emission) compounds that display some interesting potential applications, mainly mechanochromism and chemosensing [43] .
Gold Hydrometallogelators
Very few reports can be found about gold supramolecular hydrogelators. In 2007, Odriozola and co-workers found that glutathione (GSH), a naturally occurring and readily available tripeptide, was able to gelate water when mixed with Au(III) salts (Figure 7 ). GSH reacts with gold(III) chloride in water to give the corresponding GS-Au polymer (Complex 10, Figure 8 ), which forms an almost transparent gel. The polymer is able to gelate 100 times its weight in water, and it is stable for weeks at room temperature. The gel is thermally stable and can be heated to 100 °C with no observed decomposition [44] . Aurophilic interactions were used for the construction of supramolecular hydrogels for the first time, and the principle can be widely applied for the synthesis of designed hydrogels. These materials have potential biomedical applications since Au(I) thiolates have been used for more than 50 years as therapeutic agents and the variety of naturally occurring and biocompatible thiol-containing molecules is essentially infinite [44] .
A few years later, the same group reported on the idea of making a hydrogel with a drug itself acting as the gelator being an emerging alternative for the development of new generation drug-delivery systems [35] . They presented the use of coinage metal complexes containing a thiolate ligand since many drugs contain sulfur derivatives (due to the presence of cysteine residue). It was observed that the gold hydrogel (11, Figure 8 ) presented higher thermal stability than the silver and copper analogous, and could be heated up to the boiling point of water with no phase transition or apparent decomposition observed. A possible explanation was given by the fact that aurophilic interactions are energetically stronger compared to the argentophilic or the cuprophilic ones [45] . The main practical limitation of these hydrogels was that the system gels at pH < 4, which can be undesirable for certain biological applications. In fact, UV/vis absorption spectra of the gold hydrogel at different pH values showed a shoulder absorption band at ~320 nm at pH 3 which was assigned to the dσ* → pσ transition, being an indication of metal· · · metal interaction. The intensity of this band diminished at higher pH values, which suggests that the Au(I)· · · Au(I) interactions became weaker, in agreement with a disaggregation of the gel.
Very recently, we reported on the formation of luminescent organometallic gold(I) hydrogels with the discrete gold(I) complexes [Au(4-pyridylethynyl) (phosph)] (phosph = PTA (1,3,5-triaza-7-phosphaadamantane), 12, [28] DAPTA (3,7-diacetyl-1,3,7-triaza-5-fosfabiciclo[3.3.1]nonane), 13) [29] . To the best of our knowledge, these are the first luminescent hydrometallogelators obtained with such simple complexes. The complexes were observed to aggregate in water giving rise to the formation of highly ordered and very long fibers (up to a few millimeters). The simplicity of the chemical structures lead us to carefully analyze these data, and it was observed that the presence of additional acetyl groups on the phosphine (13) induced a higher entanglement of the fibers, as depicted in Figure 9 .
Absorption spectra together with 1D and 2D 1 H-NMR spectra increased our confidence that π-π stacking interactions between the Au-C≡Cpy units occurred (exciton splitting) together with additional head to tail intermolecular conformations. Additional hydrogen bonding is also expected to be involved in the gelation process of 13. Recent studies carried out also confirm the presence of aurophilic interactions in the formation of these supramolecular structures. These studies are based on the thermodynamic parameters retrieved from the application of Dimicoli and Hé lè ne NMR approach of the isodesmic model [46] in agreement with theoretical calculations.
Gold hydrogelators Figure 9 . Fluorescence optical microscopy images of 12 (left) and 13 (right) with a 395-440 nm filter.
Moreover, it was observed that electron beam irradiation or heating the samples led to the formation of very homogeneous and small gold nanoparticles whose size could be modulated with the adequate temperature ( Figure 10 ) [29] . A detailed analysis of the formation of the hydrogels with Complexes 12 and 13 was conducted very recently with a new luminescent gold(I) hydrogelatos which was also observed to self-assemble into very long fibers [30, 47] . A coumarin chromophore was chosen instead of a pyridyl unit while phosphine D-Ala-Peptide T-amide (DAPTA) was maintained (14, Figure 8) . The presence of a planar aromatic structure and additional atoms suitable to undergo hydrogen bonding (oxygen atoms of the coumarin) were observed to be involved in the aggregation process together with aurophilic interactions. This process was followed by optical microscopy at different concentrations, dynamic light scattering and X-ray crystal structure resolution among other techniques [30] . Interestingly, these weak interactions lead to the formation of a star-shaped 1D polymeric structure and 3D metal-organic framework (MOF)-like structures in the solid state ( Figure 11) .
Very recent work from P. Besenius' group has been published on the formation of supramolecular assemblies containing Au(I) alkynyl systems where the use of a peptidic Au(I)-metalloamphiphile has led to the formation of micelles. Although this system does not lead to the formation of a gel, the use of aurophilic interactions within the corresponding supramolecular structure deserves mentioning within this review article [48] . Taking into consideration all these data, it was found that aurophilic interactions are a common motif in Au(I) gelators (Table 1 ) while Au(III) seems to need an organic functional group as the driving force for the aggregation process. Moreover, it has been observed that most of the Au(I) complexes display no observed p-p interactions observed p-p interactions observed p-p interactions interesting luminescence which is known to be affected by the presence of Au· · · Au interactions. These interesting findings allow us to state that gold metallogelators and, in particular, those that display luminescence, are promising research areas in organometallic, supramolecular, and materials chemistry.
Foreseen Applications
Additionally to the applications envisioned for gold metallogelators, described above, a range of opportunities related with gel applications remain yet to be explored.
As stated above, non-covalent interactions make supramolecular gels responsive and readily tuneable by mechanical, thermal, and chemical external stimuli such as temperature, light, pH, and ultrasound. For example, the increase in viscosity that accompanies gel formation allows conversion of a thermal signal into a mechanical response [49] . In particular, metallogels can possess additional physicochemical properties of metals, and for this reason, metal-containing gels react to a broader range of chemical and physical stimuli [50] .
Gels are important in areas such as hydrometallurgy, cosmetics, food processing, and lubrication. Recovery of spilled crude oil or disposal of used cooking oil frequently involves gels or complex microemulsions. Application of gels in drug delivery can be illustrated with the example of active enzymes and bacteria entrapped in apolar gels of gelatin; [51] gel electrolyte solutions are used in lithium battery applications; [52] various gels are used in cosmetics for ointments and creams; [53] many aqueous gels are employed for macromolecular separations, protein crystallization, etc. Comparable applications, specific to organic fluids, using the properties of hindered transport in pores of the gel networks, are also possible for organogels.
When the liquid is evaporated from a gel, the sample shrinks to a xerogel. Capillary forces and liquid-vapor interfaces usually lead to the collapse of the fragile 3D structure. If a supercritical drying process is used at high temperatures and pressures an extremely porous structure, called an aerogel, can be obtained. The remarkable damping of sound and suppression of heat transport of some aerogels portends insulation and acoustic applications. Silica oxides are mostly utilized to form aerogels, but other organometallic gelators may serve the same function.
Membranes with aerogel networks, providing small and large diameter holes, are useful as purification/separation tools [54, 55] . These materials, with their networks of microchannels, may be useful as membranes and drug delivery agents.
Gels can also be used to template the synthesis of other porous structures or fibers [56] . The key role of the metal atoms should be highlighted since the particular choice of a metal can determine the resulting morphology and expand the possibilities of construction of different sized and shaped materials.
The advantages of using gels instead of liquid systems lie in the fact that hydrodynamic convection is reduced and various species can be immobilized. Gels find numerous applications in biocatalysis [57] , biomembrane mimetics, extraction processes (universal solvents), and preparation of microparticles and nanoparticles [29, 38, 58] .
Low-dimensional linear systems of stacked organometallic compounds can exhibit interesting, long-range electronic and magnetic interactions (e.g., molecular-based ferromagnetism) in the condensed solid-state [59, 60] .
Some of the gelling systems may be used as temperature, humidity or anion sensors [61] . Luminescent gels in particular may find applications for linear, anisotropic energy transfer, and sensing applications if the gel transitions impact the spectroscopic properties, which is the case for the Au(I) metallogels exemplified above.
The growing field of sensors is based upon the detection of specific functionalities by donor-acceptor interactions or detection of morphologies, which exploit spatial recognition by cavities, grooves, and channels of the sensor host material [62] . Hence, gels offer an attractive medium for new sensor applications.
Nanochemistry, which utilizes mostly host systems from solid-state chemistry to yield materials with novel electronic, mechanical, and other properties, may take advantage of specific natures of gel networks [63] .
Materials, which respond to stimuli by altering their rheological properties, have been subjects of great practical and scientific interest in the recent decades [64] . Electrorheological and magnetorheological systems that are sensitive to electric or magnetic fields, respectively [65, 66] , are the basis of technologies such as valves, clutches, and dampers [67] [68] [69] [70] . Responsive gels can allow rheology control at the microscopic scale, which expands the applicability of stimuli-responsive rheological materials as microvalves, flow sensors for microfluidic systems and nanocarriers for controlled drug delivery systems [71] [72] [73] . Supramolecular metallogelators present the tunability required in such applications.
De novo design of gelators with novel structures remains a challenging task. In this sense, aurophilic gels add one more piece to the rational design toolbox.
Conclusions
A wide range of different applications has been reported for gels in general, from biological to materials chemistry. All of them are based on the porous structure and weak interactions of their network. The additional presence of aurophilic interactions of gold(I) metallogelators and luminescence properties of gold metallogelators in general, should be a new tool for de novo design of gels for such applications.
Metallogelators containing gold metal atoms are still part of an emerging area of research, and the majority of the gel examples reported until now is based on organic solvents. Nevertheless, the number of examples in water is increasing in the last years.
In the case of Au(I), metallogeators seem consensual that the aurophilic interactions play a key role in the formation of intermolecular bondings responsible for the gelation. Due to the dispersive nature of this interaction it is expected to play an even more important role in the case of hydrogels, where it will contribute to the increase of the hydrophobic interactions.
Less examples are shown containing the Au(III) ion, but they have been increasing in the last years. In this last case, the ligand motifs dominate the aggregation leading to the global process of gel formation, through the summation of weak interactions such as H-bonding, London dispersion forces, or π-π stacking.
